Best Available

Copy
for all Pictures



AL-778 033

INVESTIGATION OF THE FEASIBILITY OF THE ELECTRON
BEAM-EXCITED, HIGH-PRESSURE RECOMBINATION LASER

TEXAS UNIVERSITY

PREPARED FOR
Ofr1ce OF NAvAL RESEARCH

21 MarcH 1374

DISTRIBUTED BY:

NS

Mational Technical Information Service
U. S. DEPARTMENT OF TOMMERCE

SHTT SRy R TR T . S

——
L T



Secunty Ciassification

AD- 778033

DOCUMENT CONTROL DATA-R&D

(Security classilication of titis, body oi abeiract and indexing annotation muat be entered whon the overaii report is closeiiled)

1. ORIGINATING ACTIV!TY (Corporate author)
The University of Texas at Dallas
P. 0. Box 688
Richardson, Texas 75080

28, HEFORT SECURITY CLASSIFICATION

UNCLASSIFIED

2b. GROUP

3. REPORT TITLE

RECOMBINATION LASER

INVESTIGATION OF THE FEASIBILITY OF THE ELECTRON BEAM~EXCITED, HIGH-PRESSURE

4. DESCRIPTIVE NOTES (Type ol report and inciusive dates)

Fourth Semi-Annual Technical Report (period covered by this report 9/1/73-2/28/74)

8. AUTHOR(S) (Flul name, middie initiai, iaat name)

Carl B. Collins
Austin J. Cunningham

6. REPORT OATE

21, March 1974

7a. TOTAL NO. OF PAGES 7b. NO. OF REFS

/18 16

8a. CONTRACT OR GRANT NO.

N00O1 4-67-A-0310~-0007

b, PROJECT NO,

ARPA Order No. 1807

Program Code 2E90
d.

98. ORIGINATOR'S REPORT NUMBER(S)

UTDP A002-4

8b. OTHER REPORT NO(S) (Any other numbare that may be sasigned
thia report)

10. DISTRIBUTION STATEMENT

Distribution of this document is unlimited

1. SUPPLEMENTARY NOTES

12. SPONSORING MILITARY ACTIVITY

Office of Naval Research

13. ABSTRACT

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

U S Department of Commerce
Springfield VA 22151

This report describes research applied toward the dete.,mination of the
feasibility of developing a recombining, electron beam-excited plasma into a
pulsed laser of exceptionally high peak power.

DD 51473

Security Classification




Security Clussification

KEY WORDS

LINK A

LINK B

LMK C

ROL¢E NT

ROLE wT

ROL & wT

Recombination Laser

Laser

Security Ciassification




e T N

r—-——_—-—"—v*——?’—'vv’v""-
o .

Fourth Semi~Annual Technical Report

Item A0O02

Period Ending 1, March, 1974

Short Title:

Principal Investigator:

Contractor:

Scientific Officer:

Effective Date of Contract
Expiration Date of Contract:

Amount of Contract :

Amount of Modification #1 :

Amount of Modification #2 :
Total Amount

RECOMBINATION LASER

ARPA Order Number 1807

Program Code Number 2E90

Contract Number NOOO1l4-67-A0310-0007

C. B. Collins

The University of Texas at Dallas
P. 0. Box 688

Richardson, Texas 75080

(214) 690-2885

The Board of Regents of
The University of Texas System

Director

Physics Programs

Physical Sciences Division
Office of Naval Research
Department of the Navy

800 N. Quincy Street
Arlington, Virginia 22217

21 March 1972

31 December 1973 D D c\ ‘

§ 99,990.00
91,400.00
100,000.00

$291,390.00

Sponsored by —~ B_—

Advanced Research Projects Agency

ARPA Order No. 1807

Form Approved Budget Bureau No. 22-R0293

‘e b

Ji

The views and conclusions contained in this document are those
of the authors and should not be interpreted as necessarily
representing the official policies, either expressed or implied,
of the Advanced Research Projects Agency of the U.S. Government,

UTTON STATEMENT A

Approved for public releaseg
Distribwtion Unlimited




by

II.

III.

IV.

VI.

TECHNICAL REPORT SUMMARY .
INTRODUCTION AND REVIEW

EXPERIMENTAL METHOD. . . .
TECHNICAL RESULTS . . . .

A. Output Wavelengths .

CONTENTS

B. Spontaneous Emission, Energies and

C. Incoherent Output Efficienciles . .

D. Stimulated Emission Spectra QiC

E. Stimulated Output Efficienciles . .

IMPLICATIONS. . . . .

A INDIX . . ¢« & ¢« & &

Levels.

27

. 45

45

o B

64
64

90




oMy

o
~
o

GAIN ([rt)

=
4

TIME [ nsec)

A
e

WAVELENGTH (R)

Figure 1

Time resolved stimulated emission spectrum for the 5100 -
5200 wavelength region of the afterglow of a 3 atmosphere helium
plasma. Data is plotted in units of fractional gain per round
trip transit as directly measured from the amplification or
attenuation of a dye laser beam reflected through the afterglow.
Time resolution was a uniform 10 nanoseconds and shaded data
planes appearing anomalously long result from the overlap of
contiguous measurements. The observed gain maximum corresponds
to the peak of the P-branch of the 3p1IIg -+ 251Zt transition of

Hez.




I. TECHNICAL REFORT SUMMARY

The objective of the research described in this report is to determine

into a pulsed laser of exceptionally high peak power. Currently accepted

J
f
1
’ l
|
{
{ the feasibility of developing a recombining electron beam-excited plasma
theory supported by the results of this contrac: research to date indicates *

this should be possible. Stimulated emission in 3 atmospheres of helium was

first reportedl’2 at 6400 R and research during the mosc recent contract period
has provided a more detailed spectrum of this band and eitended these results
to a second band at 5170 8. As seen in the facing figure, gains of the order
of 0.03 cm_l have been found in the new band by directly measuring the time-

l resolved amplification of a tunable dye laser beam used to probe the plasma.
Power extractions of the order of a megawatt/liter have been accomplished with
no evidence of saturation of the medium, and indications are encouraging for

the prospec! of similar activity in related bands of He. at 4400 and 4000 X.

2
These results confirm the importance of the collisionally-stabilized recombi-

ation mechanism as a source of population inversion of significance to the

development of new types of high energy lasers depending upon electron beam

excitation at high gas densities.

r Although a wide variety of recombination processes are known to occur in
gaseous plasmas, it is this relatively complex and unfamiliar collisionally-

J stabilized one which appears to'hoid outstanding promise as a lasing medium.

As discussed in Section II, this prccess is optimized at high charge densities
and relatively low energies but is almost completely quenched in atomic and
molecular systems which can participate in dissociative recombination. Theory
predicts that, in helium at charge densities of the order of 1016cm'3, collision-
ally-stabilized recombination should prod.:-: large inverted populations of the

resulting neutrals which would tend to radiate in the 2.0u to 0.3u wavelength

region, provided the temperature of the electron swarm is kept low. It is

: this requirement which suggests that, unlike conventional visible and UV lasers




excited by electron beams in hydrogen and nitrogen, the lasing action

from recombination would be optimized in the afterglow period following the

termination of the beam. There is a considerable advantage in this from the

viewpoint of fundamental collision cross-sections. In the conventional,
directly-excited visible and UV systems,over 957 of the beam energy is lost
to the production of ionization not contributing to the laser output. In
contrast and as detailed in Section II, theory has predicted that the subse-
quent collisionally-stabilized recombination of the ions with electrons could
provide a mechanism for recovering some of this ionization energy with a
resulting order of magnitude increase in the optical output., In this respect,
the present system resembles the excimer lasers such as the xenon laser in .
that high total efficiencies are expected. Unlike those systems, the recom-—
bination step is collisionally stabilized thereby introducing an additional
dependence on electron temperature and density which offers the prospect of
controlling the time-dependent radiative economy through these parameters.

Since both the available output energy and pulse duration depend strongly
on the electron density, the high values which only become available from e-
beam excitation at high neutral gas pressures are needed. In this requirement
lay the basic uncertainty in the approach since previous investigations of
this type of charge neutralization had centered on neutral gas densities some
200 times less than the 20 atmosphere values which theory requires for signifi-
cant radiative output.
The research effort reported here and in previous technical reportsl’3’4
has focused upon this recombination approach, and the intent of the initial
considerations had been to first provide additional tests of theory in helium
at intermediate pressures around three atmospheres. From there could bte directly
determined the amount of light output, the lifetime of the recombination process,

and whether or not population inversions were developed.

S5
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During previous reporting periods, an electron beam-excited helium
afterglow system, operating routinely at 5 atmospheres and capable of modifi-
cation to 20, was instrumented so that spectroscopic observation of transient
emissions,both spontaneous and stimulated, in the visible and near IR region
could be made wich 1) nanosecond resolution. A tunable dye laser was incorpo-
rated into the experimental system for the direct measurement of gain through
observation of the time-dependent amplification or attenuation of the dye laser
beam when passed through the discharge afterglow. Construction details and
system performance are presented in Section III,

Technical results reported previously and extended during the most
recent reporting period, as discussed in Section IV, appear hLighly encouraging

from the perspective of the contract objective. In particular, it was de-

termined that:

1. In the aboence of lasing, incoherent emissions of thz order of
0.1 to 1.0 milli-Joules/liter per pulse occurred in the after-
glow of the 3 atmospheres of helium at 6400 and 5875 R,
respectively. System efficiencies ran as high as 0.04% even
without laser action. The efficiency of the recombination
process relative to direct excitation of excited states by
either primary or energetic secondary electrons was suggested
by observaticn at 3 atmospheres pressure of 0.1 milli-Joule

(-]
1 of spontaneous emission at 6400 A from the former and

liter™
less than 0.003 milli-Joules liter - from the latter.

2. Both the detailed functional forms and effective lifetimes of
the spectral transients were consistent with the theory of
collisionally-stabilized recombination as applied to an electron

swarm at 1000°K effectivs: temperature. Characteristic lifetimes

for the recombination scurce of the radiating populations of He2

were found to range from 160 nanoseconds at 1 atmosphere of




helium to 26 nanoseconds at 7 atmospheres. The corresponding

peak power radiated inccherently at 6400 A was of the order of

1 KW/liter.

i 3. Optical gains were examined with two techniques: a) a qualita-
tive survey inferring gain from measurements of time-resolved ‘

l enhancemer~ ratios of axial intensity emitted from a resonant

cavity containing the afterglow and b) by direct measurement

éf the amplification or attenuation of a pulsed dye laser beam

[ tuned to the wavelength of the transition and transiting the
plasma. From the first technique, positive gain was indicated

I for all transitions examined mot terminating on metastable

levels. Favorable indications were obtained for bands at

6400, 5130, 4450, and 4000 A. Use of the tunable laser afforded

a resolution of both spectral and temporal behavio. of the gain

T 2
parametcrs. Detailed study of the (3s Zu + 2p Hg)band at

6400 & showed gain reaching 0.23 per round trip transit for the
low members of the P-branch with a time-dependence similar to

| that of the spontaneous emission. Somewhat smaller gain of the
order of 0.15 per round trip was found at 5170 R for the peak
of the P-branch of the 3p11rg > 2512u+ band of He, .

4. The first esiimates of the economy of energy extraction indicated

that the energy normally lost during the recombination to non-

radiative channels of stabilizations can, In fact, be returned

to an induced radiative channel. Energy of the order of 30

“‘ 14

milli~Joules/liter and power densities of 5 MW/liter were ex-

tracted from the afterglow in preliminary measuremeuts at

g

6400 X with the tunable laser without evidence of saturation
of the transition. This value approaches 20% of the maximum

energy avallable theoretically to this transition assuming one °

cned S
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photon per ion and reflects favorably upon the feasibility of
extracting the energy of one photon from the stimulated tran-
sition for each recombination event. Lower dye laser powers
prevented examination of the 5170 R emission for stimulated
emission at energies above 2 milli-Joules/liter, but to that

level no evidence of saturation was observed.

Should theory continue to be validated, the feasibility of the recom-~
bination laser would, in fact, be established. In that case, the consequent
advantages inherent in the use of the collisionally-stabilized recombination
process would be expected to be:

1) Visible to near-yy operating wavelengths. The principal molecular
Rydberg series in He2 extends from 6400 A to 3680 &.

2) One output photon per ion. Most of the excitation energy in
inert gases goes into ionization and overall efficiencies of
8% should be attained.

3) Lifetimes for the source of population proportional to the
inverse cube of the electron density. At 20 atmospheres pressure
and an electron density of the order of 1016cm'3, lifetimes of
the order of 1.0 nanosecond should be realized.

4) Scalable output energies. Approximately 5 Joules/liter could
be expected at electron densities of 1016em™3. At electron

3

densities of 1017cm_ which are characteristic of 200 atmospheres

pressures, 50 Joules/liter would be expected in a picosecond if
the same electron temperature were maintained.

5) Control of the precise temporal form of the output pulse. This
can be controlled in principle by heating the recombining elec-
trons and thus varying the rate of the population supply through

its expected T;9/2 dependence.

SR




Evidently, the critical point in the course of this research has been

successfully attained in that stimulated emission has been obtained in both

the 6400 & and 5170 % bands of He2 with the consequent extraci.ion of sig-

nificant energy from the afterglow. The task for the immediate future lies

in the further confirmation of these results and their extension to other
related bands of Hez. With the projected construction of 100 GW electron
beam device (APEX) lasing action should be realized in one or more of the
bands. Subsequent optimization would then be dependent upon further ex-
tensive research into the detailed steps and thermal economy of the re-

combination process
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II. TINTRODUCTION AND REVIEW

Theory5’6’7’8’9predicts the occurrence of extremely large inversions of

populations in certain recombining high pressure plasmas. However, prior to

the commencement of the research contracted in this project, such inversions

had only been examined in low pressure helium afterglows. Indications based

on those studies of collisionally-stabilized recombination were that it could,
in fact, form the basis for a new type of laser of high power. In such a
device,the inversion of population would be produced as a consequence of par-

ticular ion-electron recombination processes in which the excited atomic or

molecular states are sequentially populated, energetically speaking, from

the top down. Although theory had predicted substantial consequent pair inver-—

sion ratios for almost a decadeg, the difficulties in obtaining recombination

controlled plasmas of large volume, which at the same time were free from the

competing effects of dissociative recombination, generaily prevented the actual

observation of such inversionms.
The process of collisionally stabilized recombination is a complex one

occurring in two composite steps, 1) capture of an electron by an ion and

2) subsequent stabilization. For example, in helium the sequences are the

following:
Capture processes Stabilization processes

+ > % * 3

He + 2e <« He (p) + e He (p) t e 7 He (@) + e P >q
+ -+ * * *

He' + He + e < He (p) + He He (p) + He < He (q) +He p > g
o+ * % *

He + e ~ He (p) + hv He (p) - He (q) + hv P>q




where He*(p) denotes an excited helium atom with principal quantum number, p.

e — e

The nret result of the initial capture sequence is the establishment of a I
ﬁ ( quasi-equilibrium distribution of population among the bound states whose ioni-
zation potential is less thaun a few KT for the electron gas. However, the total
population within such states is usually small compared tc the ion density and
does not represent a significant portion of the loss of ionization due to re-
combination. Subsequent stabilization can occur by successive collisional or
radiative processes which tend to move population to states of greater ioni-
zation potential. When an element of population has been moved to a level of

sufficiently high ionization potential, the rates for the inverse excitation

processes are negligible, and the stabilization is complete. It is during the
| course of this latter sequence of steps that substantial inversions of population
should be produced.

Of first importance to the evaluation of collisional radiative recombination

as a process for populating inversions in a practical laser medium are its

potential in terms of a) output wavelength and pulse energy, b) pulse durationm,
and ¢) efficiency. Consideration of each is reviewed in the following subsections:
a) Output wavelength and pulse energy ~- an estimate for these parameters
can be made by recognizing that first for a sufficiently high upper
state the nearly degenerate sublevels are in thermal equilibrium at
the electron temperature, and secondly that most collision-induced
changes of energy level result in only a unit change in principal
quantum level, 6 In other words, there is no effective mechanism
by which the recombining electrons can avoid the uppe: state of the

[ stimulated transition. Consequently, the least upper boundary on




o |

the number of transitions per pulse which can be stimulated to emit

is the number of recombination events occurring in the afterglow
period following each ionizing pulse and plasma. Assuming competing
losses of ionization can be suppressed, one photon could be obtained
for each electron originally ﬁroduced. Opui;ization of the energy
available would occur by selecting a transition in a Rydberg series
of the atom or molecule with principal ,uantum number as large as
possible without elevating the energy into the "quasi-equilibrium
group" of levels mentioned above. In principal, this means a photon
of energy a few KT less than the greatest ionization energy found
in the class of states having transitions to states with very snort
radlative lifetimes. Examples are found in Figures 2 and 3 which
shows excited state energies for He and Hez, respectively. In the
former the most suitable series would be the n3F > 33D commencing
at 1.87uy and converging at 8190 Z. In the latter species, Hez,

o

the more favorable series, nleg - 2s12u, ranging from 5130A to

o -}
3130A and ns32u+ - 2p3H ranging from 6400A to the convergence

8
o

limit at 3680A could be attempted. In these cases, Table 1

summarizes the consequent peak pulsed energy available in a

recombining helium afterglow of 1016 electron-ion pairs/cm3.




Figure 2

Energy level diagram of He. Energies of the excited states have been
plotted relative to the ground state which is off-scale to the bottom.
Wavelengths of the principal transitions have been indicated.
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Figure 3

Energy level diagram of Hey. Values of energy characteristic of the

equilibrium internuclear separation hav: been plotied relati:

ge to the
lowest metastable 233Zu state. The ground state is 1802280 and strongly

repulsive at these internuclear separations. Wavelengths of thz: band

origins of principal transitions have been indicated.
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Wavelength

(-]
18700A
(-]
8190A

(-]
6400A

[
5130A

(-]
3680A

3130A

b)

Table I

Peak Pulsed Energies Available in Listed Transitions

Quantum Energy
Species State Efficiency (Joule/liter)
He 3F » 37D 2.7% 1.1
He - 14m n°F + 37D 6.2% 2.4
He,) 3%z " - 2p°g 8.5% 3.1
He, pln_ > 2slz 16. 8% 3.8
g u
3. + 3
Hez lim ns Zu + 2p g 15.0% 5.4
1 1+ =
He2 lim np'Tig > 2s Zu 17.7% 6.3

Pulse duration -- The pulse duration is more difficult to estimate
from theory. In the first approximation, the entire energy avail-

able to the lasing transition can be assumed to be emitted in a
time comparable to the inverse of the recombination rate. Initially,
problems resulted from the paucity of measurements of this rate for

collisionally-stabilized recombination. For theoretical reasons,

the effective two-body recombination rate coefficient, defined for

the ion X' by

A (x"] = -alx'] [e] , @
3 t

6,10
was expected ' to have the form

a = K_[e] (Te/300)'9/2 + KylX] ('re/300)a (2)

where [e] and [X] denote the concentrations of free electrons and
neutral atoms respectively, Te’ the electron temperature, and a is a

coefficient which is still undetermined at the present time.

Ly WA




10,11,12
Values in the literature ~  had been somewhat scattered and entirely

confined to values of electron and neutral particle densities several orders
of magnitude below those now obtainable with beam-excited discharges. In the
absence of more appropriate values, the best estimates for He+ from the litera-

ture had seemed to be
¢ =7 x 10-2°[e]('re/300)-9/2 + 1027 [He] ’ (3)
+

and for He2

e 5L 5 10-2°[e](re/300)‘9/2 + 1.5 x 10~27 [He] TN

13

However, there was some evidence ~ that a more generalized model was

necessary and best characterized by
a = Kle]"(z_/300)7%/2 (5)

where n is a function of pressure and 0 < n £ 1. At 44.6 Torr prior measure-
ments over the range, 1010 to 1012 cm‘3, of electron densities for He2+

indicated a value of

« = 2.8 x 10~11[e]0:185 (6)

where [e] 1s again the electron density in units of cm-3.
In either case, an equivalent exponential lifetime against recombination,

T, could be defined to be
s ) + . (7)
T STl e X = -l
= [X'] le]

The resulting expected lifetimes are summarized in Table II.




Table TI

Lifetimes Against Recombination

Species [e; Te T
(em™3) (°K) (sec)
He' 1016 300 0.14 x 10712
3600 0.44 x 1078
He2+ 1016 300 1.0 x 10712
3000 3.0 x 1078

Superiicially, it appears that any lifetime, hence pulse duration could
be attained provided 1) the ionization could be produced in a time short com-
pared to the output pulse and 2) the electron temperature cculd be adjusted to
a sufficiently low value in the same time. Unfortunately, the electron tempera-
ture is not a free parameter, but had been predictedlz"15 to be controlled by
the feedback of energy to the electron gas during the stabilizing collisions
between excited states and the free electrons. Current theor}}'4 had originally

indicated that a value in the range 1500°-1800°K would be-apprcpriate for the 1016

cxn"'3 electrons in helium at STP, Nevertheless, it must be recognized that such
an estimate had been based upon extrapolation of parameters over so many orders
of magnitude from measured values as to render the nine-halves power of the
result to be of questionable value.

3,4,16 during the first contract year

These questions were largely resolved
of this project through the measurement and parametric representation of the
functional dependence on time of the intensity of the spontaneous emission. The
relevant model foi that radiation is obtained by starting from the more general
expression for the collisional recombination rate coefficient, equation (5,, sub-

stituting it into the continuity equation for ion density, neglecting diffusion

at these pressures, as well as competing reactions, éssuming [He2+] = [e], and a

-16-
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constant T, v 300°; then

(He,* ()17 (He,* (0)]7H" = (4m)ke 51 =l

Now it is expected12 that the rate of spontaneous photon emission in any particu-
lar band during the course of the stabiliiation of the recombination should
approximately equal some constant fraction, f, of the recombination rate of

the ions which, allowing for geometric collection factors and sensitivities,

implies that
I(t) = CK [He,” (£)]?™ ¢

where C represents all collected scale factors. Substituting (9) into (8)

glves:
1+n 1+n
= 5 = o - Llin
L(e) ¥ - 1(0) 2 g (14n) (€)™ 2 . Q0

This implies that a plot of intensity to the ~(1+n)/(2+n) power would be a linear
function of time and thu% the slope, S, of such a curve would be simply the

right-hand side of (10). Defining then

1in
2-+n

S =K(1+M) (CK) (11)

enables the effective lifetime of the collisional recombination defined by

equation (7) to be written in terms of experimentally measured parameters as

14n
-1 B2
T - a[He2+(0)] = S(1+n) 110 k) . 12)

Examination of this equation in comparison with (11) shows To-l to be independent

of the scaling of the intensity as wruld be expected.

A=




e

These results suggested the procedure of plotting the inverse intensity
to the (1+n)/(2+n) power for various trial values of n between 0 and 1, deter-
mining the best straight line slope, if any, and then obtaining the recombination

lifetime from (12). This was accomplished experimentally in an extensive series

1

4
of measurements recently reported 4,16 and briefly reviewed below for

convenience.

In practice, these measurements were greatly facilitated in both speed
ard accuracy by interfacing a Biomation 8100 transient recorder to the on-
line date acquisition computer serving the University's Atomic Physics group.
A dig.tal image of each decay curve of spontaneous intensity could bz stored
and the required inverse intensity to the various fractional powers plotted.
The resulting data is typified by that of the principal spectral features of
He2 at 6400 & for an afterglow at 3 atmospheres pressure in the HPAC-1b svstem,
as shown in Figure 4 together with the resulting computer analyses and plots.

Lifetimes of the molecular features showed reasonable agreement over the
range of pressures examined and suggested the validity of the assumption sum-
marized in equation (9) that the emitted intensity is a constant fraction of

the energy released by the recombining He2+ ions ,

The converse behaviox was found for the recombination portion of the
decay of the atomic lines examined. Lifetimes deduced did not agree with the

recombination rates fcr the molecular bands or even with each other. The most

extreme divergence was shown by the 33p 23p transition at 5875 K which is

reproduced in Figure5 .

The lifetime is anamolously long as can be seen upon inspection, and

consists of two slopes as shown in the corresponding analyses which present

the inverse intensities for various n. Other atomic lines did not show the

two lifetime behavior but did show scattered lifetimes,

~-18-
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Figure 4

Data plots showing the time evolution and its analyses of
the 6400 ] emission in the afterglow from single discharges
of the e-beam at 3 atmospheres pressure in the HPAC-1b sys-
tem. Shown counter-clockwise from the upper left,
a) Photograph of the refreshed oscilloscope trace
of the analog reconstruction of the stored
transient.
b) Plot of the digital image of the stored transient.
c) Plot of the inverse intensity to the M-power as a
function of decay time for n=0, neutrally stabilized
recombination.
d) Plot of the inverse intensity to the M-power as a
function of decay time for n=1, electronically
stabilized recombination.
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Figures 5

Data plots showing the time evolution and its analyses of

the 5875 A emission in the afterglow from a single discharge
of the e-beam at 3 atmospheres pressure in the HPAC-1lb system.
Shown counter-clockwise from the upper left,

a) Photograph of the refreshed oscilloscope trace of the
analog reconstruction of the stored transient,.
b) Plot of the digital image of the stored transient.
c) Plot of the inverse intensity to the M-power as a function
of decay time for n=0, neutrally stabilized recombination.
d) Plot of the inverse intensity to the M-power as a function
of decay time for n=1, electronically stabilized recombination.
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The rather extreme variation of atomic recombinaticn lifetimes strongly
indicates that, for the production of excited atoms, the assumption expressed
i by (9) does not hold and that the relative importance of the various stabiliz-
{“ ing channels is a changing function of electron density and hence, time. This
is in general agreement with the results of 0.l atmosphere work which has

( demonstrated that the molecular bands tend to have the same time decays13 in

12
agreement with (9) while the atomic lines do not .

Results for the Hez+ recombination lifetimes are collected in Table III

and presented graphically in Figure6 .

Table III
Summary of Lifetimes of the Principal Spectral Features

Lifetime n=1

Wavelength (nanoseconds)
[T Pressure (atm) 1 3 4.2 7
’
r He2
6400 A 160 82 59 26%
-]
e 4650 A 126 82.5 53 34%
He
' —
7065 A - 267 350  93%
-]
y 6678 A 208% 100%  45%  20%

5875 A early 880 490 425  300%
" late 2800 3800 2700 2320%

*HPAC-2 system

These results evidently agree with expression (4) for an electron temperature

which is a weak function of pressure and has a value around 1000°K at 3 atmospheres.




Figure6

Lifetimes of the sources of population of states resulting from
the collisionally stabilized recombination of helium ions produced
by the e-beam. Experimental values at different pressures are
shown by open circles and theoretical values by solid bars. Values

are marked on the bars which correspond to the electron tempera-
tures indicated.
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c) Efficiency -- Although the quantum efficiencies summarized previously

in Table I are not extrzmely Iimpressive, the system efficiencies expected for a
recombination laser should be limited primarily by these quantum efficiencies.
This results from an exceedingly effective use of electron beam energy. Where-
as in many e-beam excited laser systems, including NZ and HZ’ waste of over 907
of beam energy lost in inelastic collisions occurs in the production of ioniza-
tion as opposed to excitation, in the recombination scheme use is directly

made of that ionization. Considering that about 42.3eV of beam energy is

expended in the production of a 24.5eV He ion or 22.4ev He2+ ion, system
efficiencies of 587 and 537%, respectively, of the quantum efficiencies should
be attainable. This implies that recombination lasers should achieve overall

efficiencies of 5 to 10 percent. Preliminary measurements discussed in

Section IV on the economy of energy extracti a tend to support this estimate.

=6
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ITI. EXPERIMENTAL METHOD

The objective of this program has been stated to be the evaluation of
the potential utility to laser development of recombining high pressure helium
plasmas. Although there are several ways in which this could have been done,
the paucity of data existing prior to the initiation of this contract research
necessitated an initial survey and characterization of the afterglow properties
in order to develop a model to guide understanding. As discussed in the
previous section, even theory provided little assistance, being extrapolated
to parameter values over two orders of magnitude beyond prior experimental
verifications.

The initial approach consisted of three steps. First, a survey of the
spectrum of spontaneous emission was planned to identify which excited species
and states could be found under the various experimental conditions of pressure

and electron density. Second, an investigation of the time-resolved decay of

spontaneous emission was intended to determine the relevant rate coeificients
for recombination and de-excitation. Finally, measurements of the potential
gain of the various promising transitions were planned to guide the study of any
Stimulation emissions which might be expected and prepare the way for quanta-
tive measurement of the resulting radiative economy. It has been essentially

this course which his Leen followed, as reported in this and previous technical

reports.l’?”4

To support this research, a sophisticated ultra-high vacuum and gas
handling system was constructed and used to prepare and fill several different
designs of high-pressure afterglow chambers (HPAC's). System integrity was
found to be of great importance because of the ﬂigh ionization potential of the
helium ions and their large cross-sections for charge transfer to impurity
gas atoms and molecules. Figure 7 schematically outlines the functions of the

gas handling system. All standard components were Varian 2 in, UHV grade,

e




Figure 7

Schematic representation of the UHV vacuum and associated gas
handling systems. The dotted lines enclose portions bakeable
to 400°C. The dashed lines enclose additions to the system
which were implemented when HPAC-2 was installed and used sub-
sequently with HPAC-1b.
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The portion enclosed in dotted lines was bakeable to 400°C while the part
in dashed lines was an addition implemented with HPAC-1b to provide accurate
pressure measurement without contamination.

System integrity was such that, after a mild bakeout with heating tapes,
a pressure of 3 x 10711 Torr could be maintained in the dump tank while the
valve to HPAC-1lb was open. Final verification was obtained with a commercial
helium leak detector which failed to show any detectable leaks.

Figure 8 shows a drawing of the afterglow chamber HPAC-1b. It is basically
a welded stainless steel box having the schematic form of a horizontal cross
with an additional downward leg serving as an inlet port. One pair of
opposed arms is terminated by copper gasketed windows and the other pailr con-
tains the pumping port opposite to vhe e-beam window. Dimensions ani con-
struction details are found in the figure. Windows were either quartz fused
through graded seals to Varian flanges, or sapphire directly mounted in
Varian flanges.

Residual gas analysis was performed after each evacuation and showed

only traces of contaminant. A typical mass spectrum is shown in Figure 9a.

After evacuation, the chamber was valved off from the pump and filled
through the inlet port with helium of high initial purity, further conditioned
by passing it at the fill pressure through a molecular sieve trap cooled to
liquid nitrogen temperatures. Bureau of Mines analyses of cylinders of similar
grade have shown one or two ppm non-condensable, inert (neon) iwmpurity, and
it is believed that this figure represents the ultimate purity attainable
with this system. As will be discussed in the following section, this treat-
ment<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>